Hemocompatibility of blood-contacting medical devices is necessary to prevent device failure. As soon as a material encounters blood, proteins and platelets will adsorb and attach to its surface. This leads to thrombosis and clot formation on the surfaces, restricting blood flow and in some cases leading to inflammation and device failure. To avoid these complications, patients receiving blood-contact devices are prescribed blood thinning medications, which must be taken for the rest of the patient's life. Some devices can be pre-clotted to improve hemocompatibility, but the benefits will not last the device's entire life. Enhancing hemocompatibility has been a focus of recent research. Proposed methods have included diamond-like carbon surfaces, heparin-based surface coatings, modified polymer surfaces, and titania nanotube arrays. These methods have all shown some enhancement of hemocompatibility initially, but no approach has proven durable over long periods of time.
Introduction
Materials that come into contact with blood have several issues which can cause medical devices to fail. For example, thrombosis is a major challenge for vascular stents as it obstructs the ow of blood.
1,2 Leaets of articial heart valves are also prone to thrombosis, preventing them from opening or closing properly. [3] [4] [5] Also, the forces exerted by the leaets on the blood and its components tend to damage the platelets, further promoting thrombosis. 6, 7 Catheters may be obstructed by blood clots formed on the material surface and are one of the leading sources for bloodstream infections. 8 Due to complications such as these, hemocompatibility is a challenge for blood-contacting medical devices. There is not a single material that is truly compatible with blood and its components. 9 When blood contacts a material, proteins from the plasma in the blood, particularly brinogen, will begin to adsorb on the surface within a few minutes of contact. 10 The brinogen will convert into brin, which along with other blood serum proteins will promote the attachment of platelets on the material surface. Aer adhering, the platelets will begin to activate, forming a platelet-immune complex. 10, 11 The platelet-immune complexes signal leukocytes to attach on the material surface as part of the immune response, leading to further clot formation. 12, 13 The clot can remain on the surface and grow restricting the blood ow, or it can detach from the material surface into the bloodstream, travelling throughout the body and potentially causing major complications for the patient.
10,12
To deal with these adverse effects, patients receiving these medical devices are oen prescribed blood thinning medications. These medications must be continued for the rest of the patient's life and increase the risks of heart failure and internal bleeding, and thus are not an ideal solution. One other method employed in clinical situations is to pre-clot the medical device surface by exposing it to the patient's blood prior to implantation.
14 This method, however, can only be used for porous implants such as vascular gras, so is not applicable for valves and catheters.
14 Further, over time the pre-clotted material surface will wear off, exposing the device to the same issues discussed previously. Thus, there is an unmet need to prevent these complications by designing hemocompatible materials for blood contacting medical devices.
Recent studies have examined several strategies to improving material hemocompatibility. 11, [15] [16] [17] Heparin has been investigated as a coating for blood contacting devices, particularly for stents and catheters. [18] [19] [20] [21] It is a common blood thinning medication and has been shown to improve the hemocompatibility of stents by reducing the activation of thrombin, an enzyme that begins clot formation. 19, 22 However, because of its dense negative charge, it is also thought to initiate the intrinsic pathway of blood coagulation. 23 Polymers modied with surface coatings, such as polyethylene terephthalate coated with polydopamine, have been investigated in attempts to enhance hemocompatibility. 16, 24 The addition of different coatings has been shown to reduce blood cell adhesion and plasma protein adsorption. 17, 24, 25 Additionally, carbon lms have been studied because of their biological inertness and inherent hemocompatibility. 26 All these strategies have shown some increase in hemocompatibility, but are not effective over long periods of time. 20 Thus, there is a need to develop material surfaces that interact with blood and its components appropriately and remain hemocompatible over long time periods.
In this study, we have developed superhemophobic surfaces as a potential approach for enhancing the hemocompatibility of titanium based blood contacting medical devices. Titanium has been shown to be biocompatible but blood clots readily form on titanium devices, leading to their failure.
27 Superhemophobic surfaces were fabricated by rst modifying the topography and then the chemistry of titanium surfaces. The surface topography was modied by fabricating titania nanotube arrays on titanium surface. Previous studies have shown enhanced hemocompatibility of these titania nanotubes arrays.
10,28 These titania nanotube arrays were further modied with alkyl and uorinated silanes using a chemical vapor deposition technique to fabricate superhemophobic surfaces. Platelet adhesion studies on these surfaces have shown promising results, however, the way in which blood and its individual components interacts with these surfaces is not known. 29 In this study, superhemophobic surfaces were characterized using scanning electron microscopy (SEM), contact angle goniometry, X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). Protein adsorption, material surface cytotoxicity, platelet/ leukocyte adhesion, platelet activation and hemolysis was investigated on superhemophobic surfaces. The results presented here indicate improved hemocompatibility of superhemophobic surfaces when compared to that of control surfaces.
Materials and methods

Fabrication of superhemophobic titania nanotube arrays
Titania nanotube arrays were fabricated from titanium sheets (0.1 cm thick) cut into 2.5 cm Â 2.5 cm squares. The titanium substrates were rst cleaned in acetone using a sonicator for 7 min. They were then rinsed with M90 detergent and cleaned with isopropyl alcohol in a sonicator for 3 min. The titania nanotube arrays were fabricated using the anodization process described elsewhere. 10, 28, [30] [31] [32] The electrolyte used for anodization was composed of 95% v/v diethylene glycol (DEG, Alfa) and 2% v/v hydrouoric acid (HF, Alfa) by volume in de-inoized (DI) water. The titanium sheet was used as the anode and platinum foil was used as the cathode. The anodization was done for 24 h at 60 V. Aer anodization, the titania nanotube arrays were rinsed three times with DI water, dried with nitrogen gas, and annealed for 3 h at 530 C with a ramp rate of 15 C in ambient oxygen. The titania nanotube arrays (and unmodied titanium) were further cut into 0.5 cm Â 0.5 cm which were used for all subsequent studies. Superhemophobic titania nanotube arrays were fabricated by modifying the surface using chemical vapor deposition. Prior to surface modication, titania nanotube arrays were etched in plasma atmosphere at 200 V in 10 cm 3 min À1 of oxygen gas for 10 min. The titania nanotube arrays were placed on a hot plate next to a glass slide with 100-120 ml of either octadecyltrichlorosilane (referred to as S1, Gelest) or (heptadecauoro-1,1,2,2-tetrahydrodecyl)trichlorosilane (referred to as S2, Gelest). The titania nanotube arrays and glass slide were covered with a glass bowl, and heated for 1 h at 120 C. The superhemophobic titania nanotube arrays were then rinsed with DI water, dried and stored in desiccator until further use.
The following nomenclature will be used in the rest of the manuscript for all the substrates: unmodied titanium (referred to as Ti), unmodied titania nanotube arrays (referred to as NT), and titania nanotube arrays coated with the two silanes (referred to as NT-S1 and NT-S2). Prior to all the biological experiments, the substrates were sterilized. They were incubated in ethanol for 30 min, followed by rinsing with DI water.
Characterization of titania nanotube arrays
The surface morphology was characterized using a eld emission scanning electron microscope (SEM, JEOL JSM-6500). All surfaces were coated with a 10 nm layer of gold prior to imaging and imaged at 15 kV. 10, [32] [33] [34] The average nanotube diameter was measured using ImageJ.
The hemophobicity was characterized by measuring the contact angle of whole blood on different surfaces. An approximately 10 ml droplet of blood was formed on the tip of a syringe and lowered until it contacted and detached onto the surface. An image of the droplet was taken using a goniometer (Ramé-Hart Model 250) connected to a camera. 33 Images were captured within 5 s of contact between the droplet and the surface. Images for advancing and receding contact angles were also taken by slowly adding and removing water from the droplet, and roll off angles were acquired by placing a droplet on the surface and tilting the goniometer. The images were analyzed using the goniometer soware to measure the contact angles.
The surface chemistry was characterized using X-ray photoelectron spectroscopy (XPS). Scans were taken for all four substrates. Survey spectra were collected from 0 to 1100 eV with a pass energy of 187.85 eV. High resolution spectra were collected for titanium and oxygen using a pass energy of 10 eV. Surface elemental composition was calculated using peak t analysis in the Multipack soware.
The presence of anatase and rutile crystal phases on different substrates was detected through GAXRD (Bruker D8).
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XRD scans were collected at q ¼ 1. 5 and 2q ranges were chosen based on signicant peak intensities. Detector scans were run at a step size of 0.01 with a time per step of 1 s. Peaks were ltered and correlated to crystal structures using DIFFRACT.EVA soware.
Protein adsorption on different surfaces
Protein adsorption on sterilized substrates was characterized using the process described elsewhere. 11 Sterilized substrates were incubated in 48-well plates with 100 mg ml À1 of a protein solution on a horizontal shaker plate (100 rpm) at 37 C and 5% CO 2 for 2 h. The two proteins investigated were human serum albumin (Pierce Biotechnology) and brinogen (Pierce Biotechnology). Aer 2 h of incubation, the protein solution was aspirated followed by 3 rinses with PBS to remove any nonadherent proteins. The adsorbed proteins on the surface was characterized using X-ray photoelectron spectroscopy (XPS). High resolution spectra were collected for carbon and nitrogen using a pass energy of 10 eV. Peak t analysis for high resolution carbon (C 1s) peak was done using the Multipack soware.
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Further, the protein-adsorbed substrates were air dried and coated with a 10 nm layer of gold and imaged at 15 kV.
Isolation of human platelet rich plasma (PRP)
Whole blood from healthy individual volunteers, acquired through venipuncture, was drawn into standard 6 ml vacuum tubes coated with the anti-coagulant ethylenediaminetetraacetic acid (EDTA). The protocol for blood isolation from healthy individuals was approved by Colorado State University Institutional Review Board. All procedures were performed in compliance with the National Institutes of Health's "Guiding Principles for Ethical Research". Informed consents were obtained from human participants of this study. The rst tube was discarded to account for the skin plug and locally activated platelets resulting from the needle insertion, following the protocol described elsewhere. 10, 11, 33 Whole blood was isolated by centrifuging the tubes at 150 g for 15 min to separate the PRP from the red blood cells. The PRP was then collected and pooled in a separate tube for further use. All the studies discussed below were repeated at least three time with blood drawn from a minimum of three different healthy individuals, however, for each experiment the PRP was only pooled from the same donor. This is because there is donor-to-donor variability in the number of platelets and it is not possible to compare the absolute values from different donors.
Cytotoxicity of different surfaces
The cytotoxicity of the different substrates was investigated using a Cayman LDH assay (Cayman Chemical). Sterilized samples were incubated with 500 ml of human PRP at 37 C and 5% CO 2 for 2 h in a 48-well plate so that all the samples are completely immersed in PRP. Aer incubation, 100 ml of the PRP was placed in a new clear polystyrene U-bottom 96-well plate (Greiner Bio-One). 100 ml of the LDH reaction solution, mixed according to the manufacturer's instructions, was added to each well. 33 The 96-well plate was placed in an incubator at 37 C and 5% CO 2 for 30 min. The absorbance of the PRP-assay solution was then read at 490 nm using a plate reader (BMG Labtech).
Cell adhesion on different surfaces
Cell adhesion was characterized using uorescence microscopy. The adhered cells were stained using calcein-AM stain (Invitrogen). Sterilized substrates were incubated in a 48-well plate with 500 ml of PRP at 37 C and 5% CO 2 on a horizontal shaker plate at 100 rpm for 2 h. Aer incubation, the PRP was aspirated from the substrates. The substrates were rinsed 3 times with sterile PBS to remove any unattached platelets. This was followed by incubating the substrates with a 2 mM calcein-AM solution at 37 C and 5% CO 2 (in PBS) for 30 min. The substrates were rinsed once more with PBS and imaged using a uorescence microscope (Zeiss). 28, 32, 36 ImageJ was used to calculate the cell coverage on the substrates.
The calcein-AM stain will stain both platelets and leukocytes green, so additional studies were performed to distinguish between the two cell types. Cell adhesion was characterized by staining the cell cytoskeleton protein actin using rhodaminephalloidin (Invitrogen). Cell nuclei were stained with DAPI (4 0 ,6-diamidino-2-phenylindole, Invitrogen). The DAPI will stain cell nuclei blue in leukocytes, whereas the rhodaminephalloidin will stain the actin red in both platelets and leukocytes, thus distinguishing the two cell types. Substrates were incubated in PRP using the same conditions as described earlier. Aer incubation, the PRP was aspirated off and the substrates were rinsed twice in sterile PBS. The substrates were moved to a new 48-well plate and xed in a solution of 3.7% formaldehyde in PBS at room temperature for 15 min. The substrates were rinsed twice in sterile PBS, sitting for 5 min in PBS each time. Next the substrates were moved to clean wells and submerged in a permeative of 1% Triton X in PBS for 3 min. 10, 28, 32 The substrates were rinsed twice more in sterile PBS and moved to a new 48-well plate. 200 ml of rhodamine phalloidin (actin) solution in PBS (at a concentration of 1 : 200) was added to each well. 33 The substrates were incubated in this solution for 25 min. Next, 21 ml of DAPI stain was added to each well and the substrates were incubated for 5 more mins. The substrates were then rinsed twice in sterile PBS and imaged using a uorescence microscope. ImageJ was used to calculate the actin cell coverage and number of nuclei on the substrates.
Platelet activation on different surfaces
Sterilized substrates were incubated with 500 ml of human PRP at 37 C for 2 h on a shaker plate. The substrates were rinsed in sterile PBS to remove any unattached platelets. The substrates were then incubated in a primary xative -a solution of 3% glutaraldehyde (Sigma), 0.1 M sodium cacodylate (Polysciences), and 0.1 M sucrose (Sigma) in DI water for 45 min. Then the substrates were placed in the secondary xative -0.1 M sodium cacodylate and 0.1 M sucrose in DI water -for 10 min. Next the substrates were dehydrated in consecutive solutions of ethanol -35, 50, 70, 95, and 100% -for 10 min each. The last dehydration step was to soak the solution in hexamethyldisilazane (HMDS) (Sigma) for 10 min.
10,28,32,34
The substrates were coated with 10 nm of gold and imaged using SEM at 2 kV. The platelets were characterized into unactivated, short-dendritic, and long-dendritic morphologies.
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Un-activated platelets were dened to be spherical with compact central bodies. Short-dendritic platelets were dened to be partially activated with small dendrites extending from the bodies. Long-dendritic platelets were dened to be fully activated with substantial dendrites extending from the bodies.
Hemolysis on different surfaces
Hemolysis investigated using the process described elsewhere.
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Whole human blood was drawn and a 5 ml drop was placed on each sterilized substrate in a 24-well plate. The substrates were le alone for 15, 30, and 60 min. Aer the designated time, 500 ml of DI water was added to the wells. The substrates were agitated gently on a horizontal shaker plate for 5 min to dissolve any un-clotted blood, releasing the free hemoglobin. The absorbance of the solution was then measured using a plate reader at 540 nm.
Statistical analysis
Surface characterization was reconrmed on 2 different samples of each substrate. SEM images and contact angle measurements were taken for 5 samples of each substrate (n ¼ 5). Protein adsorption was reconrmed on 3 different samples of each substrate. The LDH assay, calcein-AM stains, and rhodamine-phalloidin, and DAPI stains were repeated twice with ve samples of each substrate (n ¼ 10). SEM images for platelet activation were taken for at least six samples of each substrate (n ¼ 6). At least ve images were taken for each sample and were quantied to evaluate level of platelet activation (n ¼ 30). The hemolysis studies were repeated three times with ve samples of each surface (n ¼ 15). The quantitative results were analyzed using either one-way or two-way anova tests as appropriate. Results were considered statistically signicant with a p-value < 0.05.
The studies were repeated with blood drawn from a minimum of three different healthy individuals. The data that is presented (i.e., the arithmetic mean and standard deviation) is only from one donor (from a minimum of three repetitive samples of each surface). This is because there is donor-todonor variability in the number of platelets and it is not possible to compare the absolute values from different donors. However, similar trends were observed for blood used from each donor for all the resulted presented here, which implies the reproducibility of the trends observed in our experiments.
Results and discussion
Hemocompatibility is a challenge for all medical devices since to date there is not a material that is truly compatible with blood. Contact between a material with blood may lead to complications including clots forming on the material surface.
These clots can detach, causing heart failure and strokes among other complications. Additionally, the clots may not detach, instead continuing to grow on the material surface causing inammation and eventually leading to device failure. Current strategies for reducing clot formation have signicant drawbacks. In this study, we propose superhemophobic surfaces for enhancing hemocompatibility by modifying the material's surface topography and chemistry.
Characterization of titania nanotube arrays
SEM was used to characterize surface morphology of titania nanotube arrays. The results indicate that vertically oriented and uniformly distributed titania nanotube arrays with an average diameter of 155.9 nm and length of 3.5 mm (Fig. 1(a) ). The nanotube arrays were further modied with S1 and S2 to make them superhemophobic. In this study, the goal was to investigate the inuence of the molecular structure (specically, alkyl (S1) vs. uoroalkyl (S2)) on platelet rich plasma. Fluoroalkyl groups are known to possess lower surface energy, 37 but are considered less "slippery" compared to alkyl groups. 38 Thus, in order to better understand the role of surface energy and "slipperiness" of the surface on hemophobicity, titania nanotube arrays were modied with an alkyl silane (S1)) and a uoroalkyl silane (S2). The results indicate no visible changes in the morphology of the nanotube arrays aer modication with S1 and S2, however, the average diameter increased to 167.2 nm for NT-S1 (p # 0.05) and 169.8 nm for NT-S2 (p # 0.05) (Fig. 1(b) ). Using the inner and outer diameters of titania nanotube arrays along with a length of $3.5 mm, the number of nanotubes per unit area were estimated to be $8 nanotubes per mm 2 . Further, the roughness factor r (ratio of the actual surface area to the projected surface area) for NT, NT-S1 and NT-S2 was estimated. The results indicate that there is not a signicant difference in the surface area of titania nanotube arrays upon modication with S1 and S2.
Contact angle goniometry was used to characterize the surface hemophobicity. The results indicate a static contact angle of 61 for Ti, 28 for NT, 154 for NT-S1, and 157 for NT-S2 (Fig. 2) . The contact angle measurements for NT-S1 and NT-S2 were signicantly higher than Ti and NT (p < 0.05) (Fig. 2) . The roll off angles were measured as 16 for NT-S1 and 9 for NT-S2, while the blood did not roll off the Ti or NT surfaces. A contact angle greater than 150 and roll off angle less than 10
indicates that a surface is superhemophobic. This means that the NT-S2 is the most superhemophobic, followed by NT-S1. A droplet on a textured surface will enter either the Wenzel state or the Cassie-Baxter state. The Wenzel state is where the droplet spreads throughout the surface features, completely wetting the surface. 29 This state is expected for Ti and NT. The CassieBaxter state is when air pockets remain among the surfaces features, leading to the droplet being suspended above the surface. The Cassie-Baxter state is characterized by high contact angles due to the reduced contact between the droplet and surface due to the presence of the air pockets. This state is expected for NT-S1 and NT-S2. We hypothesize that by minimizing the contact between blood and a surface we can reduce the formation of clots.
XPS was used to characterize the surface chemistry of different substrates. XPS will show the relative compositions of different elements on the surface of a material. The results indicate O 1s, Ti 2p 3/2 , and C 1s peaks present on all four surfaces (Fig. 3) . The C 1s peak was present on Ti because contamination in the XPS chamber and some trace amounts of carbon present on the Ti surface. The C 1s peak was reduced on NT because of the electrochemical etching and oxidation process. Further, the C 1s peak increased for both NT-S1 and NT-S2 since the silanes contain signicant amounts of carbon. Similarly, the Ti 2p 3/2 peak is present on Ti, and the peak increases on NT because of the anodization process exposing a higher amount of titanium. Aer silanization, the Ti 2p 3/2 peak decreased for both NT-S1 and NT-S2. Additionally, Si 1s peaks are present on both NT-S1 and NT-S2 since both the silanes contain silicon, along with a F 1s peak on NT-S2 since S2 contains uorine (Fig. 3) . The Ti 2p peak decreases aer silanization because the silanes are deposited on the surfaces, reducing the relative composition of titanium on the surface. GAXRD was used to characterize the crystal structures on different surfaces. NT, NT-S1, and NT-S2 all have anatase and rutile crystal phases that are not present on Ti (Fig. 4) . These crystal phases are formed during the annealing process for the surfaces. The rutile phases are the most stable phase, but previous work has shown that a higher presence of rutile phases will cause the nanotube arrays to fall apart. 30 The anatase crystal structures have been shown to be metastable compare to rutile phase, and to be biocompatible, which is important for this application. 39, 40 However, the crystal structure does not differ between the NT, NT-S1, and NT-S2 surfaces. The results indicate that the silanization does not affect the crystal structure of the titania nanotube arrays.
Protein adsorption on different surfaces
Protein adsorption on different surfaces was investigated by incubating the surfaces in solutions of human serum albumin and human brinogen and using XPS to determine how much protein was adsorbed onto the surface (Fig. 5) . Albumin is a passivating protein which, when present on a surface, reduces the tendency of platelets to adhere on a surface. The highresolution C 1s scans indicated three peaks: C-C, C-N, and N-C]O for all the substrates. A C-F peak is present for only the NT-S2 due to the presence of uorine in S2. The N-C]O peak is the amide peak, and is the characteristic peak for proteins on the surface.
11 A precise way to characterize proteins adsorbed on the surface is to determine the contribution of N-C]O (amide) peak (the N-C]O peaks is at a shi 1.8 eV from the C-C peak) in the overall C 1s peak ( Table 1 ). The results indicate that the Ti had the highest albumin adsorption, followed by NT, NT-S1 and NT-S2. (Table 1 (N-C]O peak contribution), Fig. 5(a) ). Previous studies have shown that titania nanotubes exhibit reduced protein adsorption compared to unmodied titanium.
11 The high-resolution N 1s peak, which is characteristic to proteins as it is not inherently present on any surface, followed similar trend as that of N-C]O peak ( Fig. 5(a) ). The SEM images of the surfaces exposed to albumin show that there was not signicant visible adsorption on the NT-S1 and NT-S2 surfaces, while the albumin, a globular protein (shown by arrows in the images) was crystalized and adsorbed onto the Ti and NT (Fig. 5(a) ). Fig. 2 Average whole blood contact angles for different surfaces. The contact angles for NT-S1 and NT-S2 are significantly higher than that for Ti and NT (p # 0.05). 
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Fibrinogen is the main protein involved in thrombosis. When brinogen adsorbs onto a surface, it allows platelets to adhere, recruit leukocytes, and activate, which are the initial steps in clot formation. Fibrinogen is long and narrow protein, contrasting with albumin's globular structure, so it adsorbed more on all surfaces as compared to albumin. However, the brin-ogen adsorption followed similar trend as that of albumin adsorption with higher adsorption on Ti, followed by NT, NT-S1 and NT-S2 (Table 1 (N-C]O peak contribution), Fig. 5(b) ). The SEM images of surfaces exposed to brinogen that there was not signicant visible adsorption on the NT-S1 and NT-S2 surfaces, while the brinogen, a planar protein (shown by arrows in the images), was crystalized and adsorbed onto the Ti and NT (Fig. 5(b) ). 
Cytotoxicity of different surfaces
An LDH (lactose dehydrogenase) assay was used to investigate the cytotoxicity of different surfaces. LDH is a chemical generated by cells when they are exposed to toxic environments. When the cells die the LDH is released, and thus the amount of LDH can be measured to determine how toxic a given substrate is. The assay catalyzes a reaction which uses the LDH present in a solution to create a formazan salt that absorbs at 490 nm. Because the amount of absorbance will be proportional to the amount of LDH present, the absorbance reading will indicate the cytotoxicity of the substrate. The results indicate that the PRP exposed to NT-S1 and NT-S2 showed higher amounts of LDH present compared to Ti and NT (p < 0.05) (Fig. 6) . None of the substrates, however, caused enough LDH to be released to be considered cytotoxic (note: the high absorbance values for LDH were due to the use of path correction feature in the manufacturer provided soware for the plate reader).
Cell adhesion on different surfaces
Platelet and leukocyte adhesion was investigated by uores-cence microscopy. Platelet adhesion has previously been shown to be reduced on titania nanotube arrays compared to unmodied titanium. 10 It was expected that the modication of titania nanotube arrays with silanes would further reduce the adhesion of platelets. The results indicate that NT-S1 and NT-S2 had lower cell adhesion compared to Ti and NT ( Fig. 7(a) ). The percent area of adhered platelets was calculated from the uo-rescence microscopy images (Fig. 7(b) ). Ti had the highest cell coverage, followed by NT. The NT-S1 and NT-S2 surfaces had lower cell coverage compared to Ti and NT (p # 0.05) (Fig. 7(b) . This result was expected because the superhydrophobicity of the NT-S1 and NT-S2 that minimizes the contact between the PRP and surface. Additionally, the reduced brinogen adsorption on NT-S1 and NT-S2 also will affect platelet adhesion.
PRP contains two types of cells -platelets and leukocytes. However, the calcein stain does not distinguish between the two types of cell since it stains the cytoplasm of cells. The adhesion of leukocytes and platelets was determined by staining the cells with rhodamine-phalloidin and DAPI, which stain cell cytoskeleton (actin) and cell nuclei respectively. Since platelets do not have nucleus, the DAPI stain indicates leukocytes, whereas the rhodamine-phalloidin will stain both platelets and leukocytes. Similar to the calcein stained images, the results of rhodamine-phalloidin stained images indicate that NT-S1 and NT-S2 had lower cell adhesion compared to Ti and NT ( Fig. 8(a)  and (b) ). However, the DAPI stained images indicate that Ti had fewer leukocytes compared to NT, NT-S1, and NT-S2 (p # 0.05) (Fig. 8(a) and (c) ). The higher leukocyte adhesion on titania nanotube arrays was likely due to the presence of nanotopography on the surface, as previous studies have shown that surface roughness promotes the adhesion of leukocytes. platelets indicates a greater propensity for thrombosis. The SEM images were also used to count the number of unactivated, partially activated, and fully activated platelets. Platelet aggregation was seen on both the Ti and NT surfaces ( Fig. 9(a) ). The results indicate that Ti and NT had fewer unactivated platelets than partially or fully activated platelets (p # 0.05) (Fig. 9(b) ). Minimal platelet aggregation and adhesion was seen on NT-S1 and NT-S2 ( Fig. 9(a) ). Of the platelets that were attached, there were no signicant differences between the number of activated and un-activated platelets NT-S1 and NT-S2 (Fig. 9(b) ).
Hemolysis on different surfaces
The hemolysis of whole human blood on the different substrates was investigated by allowing drops of blood to clot on different surfaces for 15, 30, and 60 minutes and then measuring the absorbance of hemoglobin in the un-clotted blood. Aer the specic time interval, DI water was added to the well plate to lyse the red blood cells in un-clotted blood and release their hemoglobin. The absorbance of the solution is directly proportional to the amount of hemoglobin dissolved in the DI water, so a higher absorbance value means there is more hemoglobin dissolved in the water, corresponding to less blood clotted on the surface. Aer 15 min of blood clotting, Ti and NT had lower amounts of free hemoglobin than NT-S1 and NT-S2 indicating more clotting on the surface (p # 0.05) (Fig. 10) . The trends were similar aer 30 and 60 min of hemolysis on different surfaces. However, aer 60 min there was signicantly lower amounts of free hemoglobin on Ti and NT, indicating signicant clotting on these surfaces (p # 0.05), whereas the amount of free hemoglobin for NT-S1 and NT-S2 was the same, indicating minimal clotting on these surfaces. This was expected because the superhemophobic surfaces have minimal contact with the blood due to the air pockets trapped between the blood and surface (note: the high absorbance values for hemoglobin shown in Fig. 10 were due to the use of path correction feature in the manufacturer provided soware for the plate reader).
Conclusion
Hemocompatibility remains a challenge for any bloodcontacting medical device. Thrombosis is a major complication for stents, heart valves, and similar devices as it will obstruct the ow of blood. Reducing the incidence of thrombosis and clot formation on device surfaces is important to reduce device failure. Though there is no truly hemocompatible material, titania nanotube arrays have been shown to enhance hemocompatibility. Previous work with superhemophobic titania nanotube arrays has shown promising reductions in PRP cell adhesion, but the interactions of individual blood components have not been reported. In this work, we have fabricated superhemophobic titania nanotube arrays using anodization of titanium followed by modifying the surface chemistry by chemical vapor deposition of two silanes. The hemocompatibility of these surfaces was evaluated by measuring blood protein adsorption, cytotoxicity, platelet/leukocyte adhesion, platelet activation, and clotting. The results indicate that albumin and brinogen adsorption was reduced on superhemophobic surfaces as compared unmodied surfaces and that none of the surfaces were cytotoxic. Further, the superhemophobic surfaces signicantly reduced PRP cell adhesion and platelet activation. These results indicate that superhemophobic surfaces are a potential approach for enhancing hemocompatibility of blood-contacting devices. The interactions of blood with superhemophobic surfaces should be investigated further, including for longer time periods than the 1-3 hour periods investigated in this study. 
